This work deals with the design, the characterization and testing of a novel glass-ceramic to be used as sealant for planar solid oxide fuel cells and its compatibility with Mn 1.5 Co 1.5 O 4 coated Crofer22APU. Thermal, sintering and crystallization behaviour and thermo mechanical properties of the sealant are reviewed and discussed, indicating therefore that these compositions can be deposited at 850°C and provide an excellent compatibility with both the Mn 1.5 Co 1.5 O 4 coated Crofer22APU and the anode supported electrolyte. In particular, Mn 1.5 Co 1.5 O 4 coated Crofer22APU/sealant/anode-supported-electrolyte joined samples have been submitted to thermal tests (in air atmosphere) from RT to 800°C (SOFC operating temperature) up to 500 hrs. No 2 interactions, cracks formation or failure were observed at the Mn 1.5 Co 1.5 O 4 coated Crofer22APU/sealant interface and between the glass-ceramic and the anode-supportedelectrolyte after 500 hours of thermal tests in air atmosphere.
Introduction
Owing to their design, planar solid oxide fuels cells (SOFC) offer higher power density in comparison to tubular SOFC [1] . However, the planar stack designs require seals to prevent the mixing of fuel and oxidant gases. A significant challenge in SOFC technology is presented by the development of sealant materials [2, 3] , since they must meet very critical and restrictive requirements. Sealants must withstand the severe environment of the SOFC (both oxidative and reducing environment) and be thermo mechanically and chemically compatible with the cell and the interconnect materials. In particular, a critical issue in the fabrication of planar SOFCs is the sealing of the electrolyte (supported on the anode) with the metallic interconnect [4, 5] . One of the major technological difficulties for commercialisation of SOFCs is the need to meet these requirements and be cost-effective and maintain reliable performance. Among the candidate materials, glasses and glass-ceramics are likely to be the materials of preference as they exhibit better resistance to the severe service environment (oxidizing and reducing) than brazing alloys [6] [7] [8] [9] [10] [11] [12] [13] [14] . The problem of materials choice becomes even more challenging as there is also a requirement for thermal cycle stability for planar stacks in which different SOFC components with dissimilar thermo-mechanical properties are joined together. The sealants must endure high operating temperatures for many thermal cycles from room temperature to the SOFC operating temperature of 750°C to 800°C. The mismatch in the coefficient of thermal expansion (CTE) between the sealant and the anode, the electrolyte and the cathode together with the intrinsic brittleness of glasses are the critical factors that may determine whether cracks develop in the sealants during thermal cycling. This can cause gas leakage that would lower the cell efficiency and performance. In order to maintain a gas tight seal, the sealant must exhibit strong bonding 3 with the materials to which is in contact. In addition, interfacial reactions must not lead to products with thermal expansion different from those of the original phases, otherwise high residual stresses will be generated within the interfacial reaction area giving rise to cracks and consequently to path for gases. In addition, the formation of any physically and chemically unstable products must be avoided.
Glasses can be deposited on metal and ceramic substrates in the form of slurries or pastes Previous investigations [15] [16] [17] have suggested that Mn-Co oxides are the most promising coating materials for protecting the steel interconnect and improving SOFC performance.
(Mn,Co)3O4 spinel is one of the most promising coatings due to its high electrical conductivity, good CTE match with the metallic interconnect and a very good chromium retention capability.
The compatibility of Mn-Co oxide coatings with glass-based sealants has been studied by various researchers [18] [19] [20] showing prevention of Cr diffusion and prevention of any chemical interaction between the sealant and the coating.
In order to be hermetic, the Mn-Co oxide coated interconnect /sealant interface should be poreand crack-free and exhibit stability during the cell operation. Accordingly, requirements such as high adhesion and bond strength between the glass and the coated interconnect as well as minimal interdiffusion and no chemical reaction.
The current study aimed to investigate the thermo-mechanical properties and the sintering behaviour of a new sealant formulation and to examine the medium-term (500 hrs) thermal 
Experimental
The anode-supported electrolyte (ASE) (electrolyte: 8%mol yttria stabilized cubic zirconia, YSZ;
anode; NiO-YSZ) half-cell was purchased from H. C. Starck GmbH (Germany). The
Crofer22APU (Tyssen Krupp, Germany) and ASE samples to be joined were cut to obtain a final joined sample of 5 × 5× 2 mm 3 .
New glass formulation was found in the SciGlass database with criteria of CTE between 10.5 and 11 and glass transition temperatures near 600° C and it is referred to as KMBY. The glass compositional ranges are reported in table 1.
The sealants was produced as glass by melting the appropriate oxides and carbonates raw materials in different proportions (as reported in table 1) and by heating at 1500°C for 1 hour in a platinum-rhodium crucible; the melt was cast on a brass plate and the transparent glass was ground for differential thermal analysis (DTA) (Netzsch, Eos, Germany) and hot stage microscopy (HSM) (Expert System solutions, Italy) experiments.
The glass was powdered and sieved into 3 different size ranges: <38 µm, 38÷75 µm and > 75 µm.
The characteristic temperatures of the sealant compositions and the shrinkage behaviour vs temperature were measured by DTA (3 samples were used to determine the glass transition temperature ; T g was taken at the onset, obtained by the intersection of the two tangents at the start of the endotherm) and heating stage microscopy. The thermal behaviour of the glass powder as a function of the particle size by DTA was analysed only for KMBY. DTA scans were recorded from room temperature to 1200°C with heating rates of 5, 10, 20°C/min respectively.
Coefficients of thermal expansion (CTE) were measured on both glass and glass-ceramic samples (5×5×4 mm 3 ) with heating rate of 5°C/min; glass ceramic samples were prepared by uniaxially pressing glass powders (<38 µm ) and subsequent heat treatment at 850°C, 30 minutes in Ar atmosphere. Three samples were used for determination of the mean CTE value and the error was ± 0.16.
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Characteristic shapes corresponding to first shrinkage (T FS ), maximum shrinkage (T MS ), deformation (T D ), sphere (T B ), half-ball (T HB ) and flow (T F ) points were extracted from HSM experiments at 5 and 20°C/min respectively.
Prior to the joining process Crofer22APU samples were coated by a Mn 1.5 Co 1.5 O 4 protective layer; the Mn 1.5 Co 1.5 O 4 was deposited on Crofer22APU by thermal co-evaporation technique using a Theva GmbH evaporation system. The used process is described more in detail elsewhere [18] . Briefly, Mn (99.8% purity) and Co (99.9%), from Chempur GmbH, were used as raw materials and put them in two separate boat crucibles and positioned in the evaporation chamber.
The deposition experiments were performed by resistively heating the respective boat crucibles with the applied power. The deposition pressure of about 210 -5 mbar was maintained by two turbo molecular vacuum units during the 30 min of evaporation. The substrate holder was heated and retained at temperature 600 °C by resistive heaters located above it. After thermal coevaporation, the samples were annealed in-situ at 800 °C for 30min in 1 atm of O 2 gas in order to form the Mn-Co spinel phase coating. The thickness of the Mn 1.5 Co 1.5 O 4 layer was found to be around 1 µm with high degree of reproducibility. Details of experiments are reported in a previous paper [18] .
The joined samples were prepared by depositing a slurry of powder of the glass (<38 µm with 40% solid content dispersed in ethanol) onto a plate of the yttria-stabilised zirconia (YSZ) surface of the anode-supported electrolyte. A plate of the Crofer22APU was then placed on top so that the slurry was sandwiched between the anode-supported electrolyte and the interconnect materials.
The joining thermal treatment was carried out by heating from room temperature to 850°C at a heating rate of 5 °C/min and a dwelling time of 30 minutes. The cooling rate was 5 °C/min.
Dilatometric measurements were conducted both on the glass and the glass-ceramic bulk samples; the glass sample (as obtained by casting the glass on the brass plate) was machined to a cylinder (5 mm height), while the glass-ceramic cylinder was obtained by uniaxially pressing of glass 7 powders (<38 µm ) and subsequent heat treatment at 850°C, 30 min (ethanol was used as a binder in preparing the sintered samples) . For comparison purposes, also a second glass-ceramic sample was prepared with a holding time of 120 min at 850°C.
Glass powders and glass-ceramic powders were subjected to X-ray powder diffraction (XRD, Bruker AXS D8 Advance, Karlsruhe, Germany), employing CuKα radiation (0.15418 nm); the analysis was repeated, for the glass-ceramic powders, after mixing with corundum (crystalline alumina) powders, operating as internal standard. The diffraction patterns were analysed by means of "Match!" software (Crystal Impact GbR, Bonn, Germany), supported by data from PDF-4 database (International Centre for Diffraction Data -ICDD, Newtown Square, PA).
Mineralogical quantitative phase analysis (QPA), based on the Rietveld method [21] , was performed using TOPAS software (Bruker AXS, version 4.1, Karlsruhe, Germany). The contents of crystalline and amorphous phases were determined using the combined Rietveld-RIR method [22, 23] .
Thermal tests were performed in a muffle furnace in static air from room temperature to 800°C at a rate of 5°C/min and dwelling for 100 hours followed by cooling slowly in the furnace down to room temperature then repeating the same cycle until 500 hours.
Cross-sections of joined samples were characterized by scanning electron microscopy (SEM), JEOL 5700) after polishing; Au was sputtered on the samples submitted to SEM observation, in order to make samples conductive for electron microscopy. Energy dispersive X-ray spectroscopy -pure viscous sintering of glass occurs if excessive sintering takes place at the expense of poor surface crystallization.
-excessive surface crystallization occurs before the end of the sintering stage (or maximum shrinkage), as a consequence, the viscous flow is limited by crystallization; the final result is a porous glass-ceramic materials.
-optimum conditions are obtained when the sintering process is completed before surface crystallization begins. In these conditions, dense glass-ceramic materials are obtained. Figure 1 shows the DTA curves (heating rate 20 °C/min) of glass powders sieved at 3 different particle size ranges and of the bulk glass. The T g is found to be around 600 °C and one exothermic peak (corresponding to the crystallisation of the glass) can be detected at higher temperatures. The crystallization peak is considerably affected by the particle size; in fact the peak shifted to lower temperatures with decreasing particle size, suggesting a possible effect associated with the surface crystallization of the glass [24] . A decrease in the crystallization peak height with increasing particle size can be also observed; this behaviour also suggests that the crystalline phase formation starts mainly on the surface of the glass particles.
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The sintering behaviour of the KMBY glass was examined by hot-stage microscopy (HSM), along with microstructural observations at characteristic points as reported in figure 2 . It can be observed that maximum shrinkage is reached at around 850°C (heating rate: 5°C/min); on the basis of the HSM observations, 850°C was chosen as the joining temperature, since it is expected that complete densification should be obtained at this point. Plots of shrinkage against temperature yielded characteristic temperatures as summarized below:
1. First shrinkage or sintering (T FS ): temperature at which the linear shrinkage of the glass starts (log  = 9.1  0.1); this step starts above the glass Tg. Maximum shrinkage (T MS ):
temperature of maximum shrinkage before the glass starts to soften (log  = 7.8  0.1).
Softening/Deformation point (T D )
: temperature at which the first signs of softening are observed, highlighted by the rounding of the corners of the sample (log  = 6.3  0.1).
3. Sphere temperature (T B ): temperature at which the height of the sample is equal to the width of the base according to the standards or at which the diameter is the double of the ray of an hypothetical circumference.
Half ball point (T HB )
: temperature at which the height of the sample is half the width of the base (log  = 4.1  0.1).
T flow (T F )
: temperature at which the height of the sample shrinks to under a third of the base and the sample is completely melt (log  = 3.4  0.1).
From these points, it was possible to plot a viscosity-temperature curve [25] al. [26] as the ideal sealing viscosity average value in a SOFC planar geometry.
Furthermore, comparing the HSM data with DTA analysis (Figure 1 and 2, respectively) it can be concluded that the process of sintering and crystallization are independent of each other since T x (the onset of crystallization) is detected after the T MS . Since the sintering process is completed before surface crystallization begins, the formation of a dense glass-ceramic sealant material is expected.
Dilatometer curves of both the glass and of the glass-ceramic sealant (after a heat treatment at 850°C, 30 min, Ar) are reported in figure 4 ; coefficient of thermal expansion (CTE) values of 8.5
x 10 -6 and 10.9 x 10 -6 for the glass and for the glass-ceramic were obtained respectively, thus
providing an excellent thermo-mechanical compatibility of the glass-ceramic sealant with both the Crofer22APU and the anode-supported-electrolyte. Moreover, after the crystallization heattreatment (850°C for 30 min) a residual glassy phase with Ts (dilatometric softening point) of 773°C can still be detected. Rigid glass seals are prone to cracking when exposed to the SOFC device operating conditions as a consequence of the thermal cycles. In order to overcome this problem, the design of self-healing glass compositions can be a possible and viable solution. In the system which was studied here, the residual glassy phase could heal possible cracks formed during thermal cycling by viscous flow sealing at temperatures in excess of 770°C which is very close to the SOFC operating temperature. In case of any crack formation, the proposed sealant will therefore have the potential to restore its hermeticity upon being reheated to the solid oxide fuel cell stack operating temperature. Furthermore, it is also worthy to note that crystalline phases can enhance the viscosity of the system, thus providing improved thermo mechanical stability of the joining area.
An SEM image of the Mn 1.5 Co 1.5 O 4 coated Crofer22APU-glass-ceramic sealant-anode supported electrolyte cross section is presented in figure 5 .
The joint region has an average thickness of 300 µm. Examination around the joined area shows an homogeneous and very dense glass-ceramic sealant, as a result of an excellent sintering and densification behaviour, indicating that it will provide high gas tightness and a hermetic structure.
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A very good adhesion between the glass-ceramic and both Crofer22 APU and YSZ can also be observed.
EDS point analyses performed on different areas labelled as A and B in figure 6 suggested the presence of diopside crystals together with a significant amount of a residual glassy phase. This was confirmed by results of XRD analysis of the glass-ceramic sample (reported in figure 7 An SEM micrograph showing the glass-ceramic/YSZ interface after the thermal cycling is reported in Fig. 10 ; this revealed the strong adherence of the glass-ceramic sealant to the YSZ and showed that the interface was free from cracks and pores. The YSZ electrolyte was not cracked and was still adhered to the anode functional layer. Furthermore, no elemental diffusion was detected into the sealant (EDS not reported here), and consequently no new phases were formed at the YSZ/glass-ceramic sealant interface. EDS points analyses were conducted in different areas labelled as 1, 2 and 3 respectively are reported in Table 3 . This observation confirmed the presence of the original diopside and nepheline crystalline phases together with a significant amount of residual glassy phase, thus demonstrating the stability of the glass-ceramic sealant after 500 hrs of thermal cycling in air.
The paper that is presented here showed the stability with YSZ electrolyte and a Mn 1.5 Co 1.5 0 4 based coated interconnect; this glass-ceramic can only be considered as sealant between the 13 electrolyte and the metal; in order to qualify this glass-ceramic as sealant between two interconnect plates, electrical properties will be measured in order to complete the characterization and the validation of the proposed sealant; a future work will be presented concerning the behaviour of the sealant in a real SOFC short stack, thus showing no cathode poisoning due to volatilized species formation.
The long term stability of the glass-ceramic sealant is also an important issue. The percentage of the glassy phase evaluation after a long term test will be also shown in a follow up paper. Table 1 Glass sealant (KMBY) compositional range (wt%) Table 2 Results from quantitative X-ray diffraction analysis Table 3 EDS points analyses conducted in different areas labelled as 1, 2 and 3 for glassceramic/YSZ interface after 500 hrs of thermal cycling
Conclusions

